The most commonly used deterministic approach to the development of total maximum daily loads (TMDLs) fails to explicitly address issues related to a margin of safety and inherent variability of streamflows in the process of TMDL development. In this paper, the deterministic approach to pH TMDL development for Beech Creek watershed, Muhlenberg County, Kentucky, proposed by Ormsbee, Elshorbagy and Zechman is discussed. The shortcomings and the limitations of the assumptions associated with the deterministic approach are highlighted. An alternative probabilistic approach, to cope with the percentile-based water quality standards based on Monte Carlo simulation, is presented and compared to the deterministic approach.
INTRODUCTION
If the level of pollutant input or a water quality parameter in a water body violates the recommended value from the TMDL study, a pollutant load reduction in the watershed could be proposed, which also makes the TMDL approach a candidate for the rehabilitation practices category of BMPs (Elshorbagy et al. 2005) .
Acid mine drainage (AMD) is a significant problem in western Kentucky due to coal mining operations. AMD leads to an increase of the acidity levels in streams and by Ormsbee et al. (2004) , and to provide a probabilistic perspective of pH TMDL development. A comparative analysis between both deterministic and probabilistic approaches is provided to highlight possible shortcomings due to the adoption of the deterministic approach of Ormsbee et al. (2004) .
ACID MINE DRAINAGE
In the process of coal mining, iron sulfide (FeS 2 ) is uncovered and exposed to the oxidizing action of atmospheric oxygen (O 2 ), water and sulfur-oxidizing bacteria. As described by Ormsbee et al. (2004) The overall balanced reaction shown in Equation (1) indicates that a net of four moles of H þ is liberated as H 2 SO 4 for each mole of FeS 2 oxidized, causing it to be an extremely effective strong acid-producing reaction (Ormsbee et al. 2004) :
The TMDL describes the maximum amount of pollutant a stream can assimilate on a daily basis without violating water quality standards. The units of the load measurement are mass per unit time (e.g. mg/h). pH is typically measured in standard pH units with no directly associated mass unit.
In this paper, the approach proposed by Ormsbee et al. (2004) and approved by the US EPA is adopted. The total load is expressed in terms of an equivalent hydrogen ion load since the hydrogen ion load in a water column can be related to measured pH. The relationship between hydrogen ion activity and pH can be expressed as follows:
where pH is the negative log of the H þ ion activity in mol/L. 
where g is an activity coefficient that is dependent on the ionic strength m of the source water (Snoeyink & Jenkins 1980) . Formally, m has units of moles per litre. However, it is often reported without stating the units explicitly. The ionic strength of a given source water can be approximated using the total dissolved solids (TDS) in mg/L or specific conductance (SC) in m ohms/cm (Snoeyink & Jenkins 1980) as follows:
The atomic weight of hydrogen is 1 gram per mole so the concentration of hydrogen ions in mol/L and g/L is the same. For a given day, the multiplication of average flow rate by the mole concentration of H þ ions results in the ion load for that day in g/L. Therefore, based on a minimum pH value of 6.0 and the flow rate, the TMDL of hydrogen ions can be calculated. Additionally, the TMDL should include both load and waste load allocation, and an allowance for a margin of safety:
where WLAs is the waste load allocations for point sources,
LAs is the load allocations for both nonpoint sources and . A probabilistic approach is adopted in this paper to address some of the abovementioned uncertainties.
Probabilistic load reduction requirement
Any TMDL program has to be designed in the face of several types of uncertainty (Eheart & Ng 2004) . The difficulties of water quality modeling and analysis are aggravated by uncertainties inherent in many steps throughout the modeling exercise. First, the water quality measurements Information about the uncertainty in that prediction of exceedance frequency is highly useful because it provides a realistic expectation of the chances of compliance with the percentile-based standards (Borsuk et al. 2002) . This can be computed with the EPA's 10% standard, the 90% confidence interval (CI) and the confidence of compliance (CC) (Borsuk et al. 2002) . The CC is the probability that the violation (i.e. the exceedance frequency) does not exceed a State University to collect additional data from the watershed at the sites indicated in Figure 2 . A summary of the results obtained from these sites is shown in Table 1 .
RESULTS AND ANALYSIS
Results and analysis of the deterministic approach
The use of the deterministic approach to TMDL development, as briefly explained above and detailed by Ormsbee There are no known permitted point sources in this watershed. As a result, the waste load allocations for the Beech Creek watershed are assumed to be zero. Thus the remaining load allocations are equal to the associated TMDL. Hence, the load allocations for each subbasin are simply equivalent to the associated incremental TMDLs shown in Table 2 . Table 3 . Note that, for an independent tributary the incremental load is equal to the cumulative load for that tributary. In contrast, a subbasin that has flows entering from adjacent or upstream subbasins requires a mass balance application to find the incremental load.
For example, the incremental load for subbasin 2 is determined by subtracting the load for subbasin 1 from the cumulative load for subbasin 2.
The required load reduction for a watershed is the amount the actual in-stream load must be reduced in order to meet the TMDL. This is calculated by subtracting the incremental TMDLs (Table 2 ) from the incremental predicted loads for each subbasin (Table 3 ). This approach allocates the total load reduction for Beech Creek (site P2) between each of the contributing sites in the watershed, so that the entire watershed is rehabilitated and the pH is improved throughout the stream network. Application of this approach yields the values of required load reductions in Table 4 .
RESULTS AND ANALYSIS OF THE PROBABILISTIC APPROACH
The probabilistic analysis outlined earlier is first performed to estimate the frequency of standard violations at the critical flow and the uncertainty in this frequency.
Then a target set of flow values is used to estimate the of the slope of the original regression Equation (Figure 3) is used as the standard deviation. Further, the overall exceedance frequency can be estimated using the 3650 range of flows. The expected exceedance is found to be 68% and the confidence of compliance is around 24% at site P1 (Table 5 ). This is a nontrivial outcome of the probabilistic analysis that suggests that enforcing the single-valued TMDL based on the deterministic analysis (Ormsbee et al. 2004) means that the pH level in the stream could be violated 68% of the time. This is not surprising since the critical flow is chosen to be the mean annual flow. Only 34% of the daily flows in the last ten years exceed the critical flow Q c , thus creating critical conditions (violation of standards) during 66% of the time.
Apparently, the confidence that pH could meet the standards (CC) is low (24%). The important point in this discussion is that, even with the MOS considered in Ormsbee et al. (2004) , the risk of violation is considerably high. The same analysis is repeated at site P2 and the results are provided in Table 5 as "scenario-1". (Table 4) for subbasins 1 and 2, respectively, recommended based on the deterministic approach (Table   4) Table 5 . For example, the expected exceedances at site P2 can be reduced from 68% (scenario 1) to 38% (scenario 4)
by raising the pH level at the critical flow from 6.0 to 7.5. At this point the confidence of compliance increases from 27% to 59%. US EPA guidelines allow up to 10% violation, therefore 10% can be interpreted as the recommended value of the expected exceedance. Either the confidence of compliance or the expected exceedance can be used as a criterion to quantify the MOS and decide on the required load reduction scenario. Once the confidence of compliance or the expected exceedance is set in advance, the load Table 5 provides a deeper insight and more comprehensive perspective than that offered by the deterministic approach for the pH TMDL development.
DISCUSSION
The wide range of the flow-dependent assimilating capacity the uncertainty due to prediction error is considered. The frequencies of violation at Q c are estimated to be 50%, 5%, 0.0% and 0.0% for scenarios 1, 2, 3 and 4, respectively, at site P1. Similarly, the frequencies of violation are 50%, 3%, 0.0% and 0.0% for scenarios 1, 2, 3 and 4, respectively, at site P2 (Table 6 ).
In this paper, only uncertainties due to prediction errors and the natural variability are addressed. However, uncertainties due to other parameters (e.g. g) can be addressed as well. Another factor that could be influential and needs to be revisited by the KYDOW is the critical flow (Q c ). The selected Q c is high because it is greater than 66% of daily flows in any given year. This leads to an overestimated TMDL, and therefore increasing the chances of violation. In the probabilistic analysis presented earlier, reduction in nonpoint source load has been mathematically interpreted as changing the slope of the regression model that relates streamflows and ion concentrations. Further and effective reduction scenarios could also be generated by lowering the intercept, which could be interpreted as reducing the point source pollution. This approach was 
